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Abstract
Recently, monolayer molybdenum disulfide (MoS2), a direct bandgap 2-D semiconductor, has
shown its great potential for applications in electrical and optoelectronic devices such as Fieldeffect Transistors (FETs), memory devices, solar cells, photodetectors and lithium ion batteries.
Depending on the arrangement of S atoms, MoS2 appears in two distinct crystal structures:
thermodynamically stable hexagonal 2H phase (semiconductor), and metastable Octahedral 1T
phase (metal). Theoretical considerations of the interlayer S/S and intra-layer Mo/S glide within
MoS2 crystals clearly showed the preference of the 2H-MoS2 allotrope over the 1T-MoS2 structure.
However, the 1T phase was reported to transform from 2H-MoS2 by Li and K intercalation. In this
study, the phase transition of 1T MoS2 nanosheets grown by a hydrothermal process was
investigated by annealing the samples in air or in vacuum up to 350 °C. SEM, Raman microscope,
Hall effect measurement, and UV-Vis absorption were used to characterize the morphology,
electrical, surface, and electrical properties of the annealed samples. The phase transition from 1T
to 2H-MoS2 along with property change has been observed around 150 °C in air but slower in
vacuum. This study provides the first hand data on the phase transition of MoS2 nanosheets, which
helps better understand the fundamentals of this material for potential applications in electronic
devices such as batteries and capacitors.
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Chapter 1. Introduction
Dimensionality is one of the most defining material parameters because the same
material can feature different properties depending on its dimensions. Two-dimensional
materials constitute a unique class of materials in which the atomic layers are weakly bonded
together by van der Waals interactions [34]. A distinct feature is the van der Waals interactions,
which may allow much more flexible integrations of different materials without the limit of
lattice matching. With few surface dangling bonds, 2-D materials exhibit excellent electronic
properties that are not readily achieved in other semi-conductors. Graphene is the most typical
2-D material which was the first real 2-D material chemically exfoliated form 3-D graphite in
2004[1]. Meanwhile, it was widely applied in transparent electrodes, energy storage and
catalysis due to its high electrical conductivity, large specific area and other striking
characteristics. After so many years’ intensive exploration, research on graphene has stepped
in a mature area. However, field-effect transistors made from graphene cannot effectively
function as electronic switches due to its zero-band gap. For overcoming the deficiencies of
graphene and broadening its applications, a new range of researchers have been focusing on
graphene-like 2-D transition metal dichalcogenides (TMDCs). TMDCs representing a large
family of layered materials, have a generalized formula: MX2 where M is transition metal
element from group IV (Ti, Zr or Hf), group V (V, Nb or Ta) or group VI (Mo, W), and X is a
chalcogen atom (S, Se or Te). Many kinds of TMDCs are possible to form depending on
combinations of different M and X elements.
As shown in table 1, whose Monolayer proven as experimentally stable under ambient
conditions (room temperature in air) are shaded in blue; those probably stable in air are shaded
in green; pink shading indicates unstable in air but may be stable in inert atmosphere.
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Table1. Existing library of 2D-TMDCs [2].

Unlike zero-band gap graphene and insulator h-BN, the monolayer 2-D transition metal
dichalcogenides are particularly interesting for their direct band gaps. Common TMDCs and
their band gap were shown in Table 2[2]. For example, Monolayer MoS2 has is suitable to be
applied in switching and optoelectronic devices. Due to the wide spread in nature, MoS2 is one of
the most studied TMDCs. The unique electronic band structure and optical properties of
monolayer MoS2 are suitable for a wide range of applications, such as Field-effect Transistors
(FETs), memory devices, solar cells, electrocatalysts for Hydrogen Evolution Reaction (HER),
photodetectors, and lithium ion batteries.
Table 2. Common TMDCs and their band gaps [2].

1.1. Properties of 2-D MoS2
1.1.1. Crystal Structure of 2-D MoS2
TMDCs are composed of sandwich structure possessing hexagonal layers of transition
metal atoms (M) between two layers of chalcogenide (X). Generally, two commonly found crystal

2

structures for MoS2 are thermodynamically stable hexagonal (2H phase), and metastable
Octahedral (1T phase). As shown in Fig. 1

[24]

, each Mo atom in 2H phase is in the center

prismatically coordinated by six surrounding S atoms, with the S atoms in the upper layer lying
directly above those of the lower layer. The hexagon lattice is threefold symmetry and the atomic
stacking sequence (S-Mo-S’) of ABA. Whereas, in the 1T phase the Mo atom is octahedrally
coordinated to six neighboring S atoms and atomic stacking sequence is S-Mo-S’ of ABC where
the bottom S’ plane occupy the hollow center (HC) of 2H lattice.

Fig. 1. (a) Top and side views of the 2H and (b) Top and side views of 1T (right) structures for the
MoS2 monolayer. The trigonal prism coordination for the Mo atom in 2H-MoS2 and the octahedral
coordination for the Mo atom in 1T-MoS2 are also shown. Mo cyan; S, yellow [24].
Although both phases consist of a metal atom (M) layer, only 2H phase is semiconducting
and 1T phase is metallic. In its bulk form, crystal structure of MoS2 consists of vertically stacked
layers that are linked via weak van der Waals forces between the layers, and with strong in-plane
covalent bonds between Mo and S atoms. The surface of 2D-MoS2 is free from dangling bonds to
adopt morphologies with expose edges that include triangular, hexagonal star-shaped clusters, in
addition to nanoribbons. Each of the single layers has a thickness of ≈6.5 Å, with the distance
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between upper and lower sulfur atoms ≈3.16 Å. The lattice constants of MoS2 monolayer are
reported to be ≈3.22 Å with a covalent bond length of Mo-S of 2.43 Å and the S–Mo–S bond
angle θ ≈ 80.56. However, with increasing pressure the out-of-plane S-Mo-S bond angle θ
increases and the in-plane bond angle φ decreases linearly. The bond angles are found to have
strong correlations with the electronic band structures of MoS2 and other similar MX2 systems
with a remarkable consistency over a variety of forms (e.g., monolayer and bulk) and environments
(e.g., high pressure and tensile stress). Both 2H and 1T phases can easily convert to each other
from intra-layer atomic plane glide. E.g., S plane glides and occupies the HC site of 2H hexagon,
which results in 2H→1T phase transition (shown as Fig. 2[3]).

Fig. 2. S plane gliding results in phase transition. Orange: sliding S atom; Cyan: Mo atom; Pink:
S atom [3].
1.1.2. Morphologies and optical properties of MoS2
Two phases of MoS2 own different physical properties. Geng et al. [4] have demonstrated
the characters of MoS2 nanosheets synthesized by a hydrothermal process, and optical images of
the two types of MoS2 nanosheets dispersed in water are shown in Fig. 3(a). Metallic M-MoS2 (1T)
does not appear to exhibit bulk aggregation, whereas semiconducting S-MoS2 (2H) aggregates at
the bottom of the solution. That’s because S-MoS2 nanosheets don't like water but more like each
other. Compared to S-MoS2, M-MoS2 is hydrophilic. After sonication, both M-MoS2 and S-MoS2
can uniformly disperse in the water. However, the colors of their solutions are different. As shown
4

in Fig. 3(b), M-MoS2 was grey, whereas S-MoS2 was green. These colors were associated with
their optical properties, which were confirmed by optical absorption spectroscopy. Fig. 3(c) shows
the ultraviolet–visible absorption spectra of M-MoS2 and S-MoS2 in water. The black line indicate
absorption of S-MoS2 with two typical absorption peaks (located at 613 and 660 nm) associated
with the energy split from the valence band spin–orbital coupling in S-MoS2 with large lateral
dimensions. In addition, another significant optical absorption band located at 442 nm maybe
results from the quantum effect of smaller lateral-sized S-MoS2 nanosheets. The red line in Fig.
3(c) has no salient absorption bands but a monotonic change that is indicative of its metallic
property.

Fig. 3. Morphologies and optical properties of MoS2. (a) Optical images for M-MoS2 and S-MoS2
dispersed in water. (b) Uniform solution of M-MoS2 and S-MoS2. (c) ultraviolet–visible absorption
spectra of M-MoS2 and S-MoS2 in water [4].
1.1.3. Raman Active Vibrational Modes in MoS2
Raman spectrum is a very important characterization method to determine crystal structure
and vibrational modes. Generally, there are four typical peaks E22g, E1g, E12g and A1g with the
position of 32, 286, 383, and 408 cm-1, respectively for S-MoS2. The E22g mode is caused by the
lattice vibration of S, Mo, and S layer against other adjacent layers. The E1g mode is forbidden in
back-scattering operation on a basal plane. E12g mode is indicator of in-lane vibration of S atoms
and the A1g mode is associated with the out-of-plane vibration of only S atoms in opposite
5

directions. Whereas, Sandoval et al. [5] mentioned the acoustic modes in 1T-MoS2 are represented
in this case by A2u ×Eu while the remaining A2u and Eu modes are infrared active and only the A1g
and Eg modes are Raman active. The frequencies intra-layer modes Eg and A1g of 1T- MoS2 should
be nearly the same as those of the E1g and A1g modes of 2H-MoS2 as shown in Table 3.
Table 3. Mode activity calculated frequency

One important difference, however, is that the strong 383 cm-1 Raman peak of 2H-MoS2,
must be absent in the case of octahedrally coordinated MoS2. The additional peaks at 146cm-1, 219
cm-1, and 326 cm -1 which appear in red spectrum shown as M-MoS2 in Fig. 4b, are not seen in the
Raman spectrum of S-MoS2. The appearance of the additional peaks can be explained in terms of
the existence of a super lattice, as suggested by the results of x-ray diffraction studies [6].
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Fig. 4. Raman spectra (a) four orders of vibration modes of 2H-MoS2 and respectively Raman
spectra. [30] (b) Raman Shift of 1T-MoS2 and S-MoS2 [4].
1.1.4. Electronic Band Structure of MoS2
Electronic band structure is essential for electronic applications. In particular, the value of
the electronic band gap determines whether the material is metallic (zero band gap), semiconductor
(moderate band gap), or insulator (large band gap). For graphene, the electronic band diagram has
a linear energy dispersion around the K point and exhibits a zero band gap. However, electrons in
monolayer MoS2 are normal fermions with parabolic energy dispersion. The electronic band
structure of bulk and monolayer MoS2 obtained from the ﬁrst principle calculation is shown in Fig.
5. The bands at the Γ point and midway between Γ and K points vary signiﬁcantly on going from
bulk to monolayer and establish a direct K–K band transition with a gap of ≈1.9 eV for monolayer
MoS2 [7]. Density functional theory (DFT) calculations showed that as the Mo layer is sandwiched
between two S layers, the conduction band states of d-orbitals in Mo atoms at the K point are
relatively unaffected by interlayer coupling; however, the states near the Γ-point, are severely
affected due to combinations of the antibonding pz orbitals in S atoms and the d-orbitals in Mo
atoms. Similar as graphene, the band gap MoS2 can also be modulated by strain engineering.
Eknapakul et al. [8] shows that a uniaxial tensile mechanical strain of 1.5% can produce a direct-to
indirect band gap transition. First principle calculations also predict a semiconductor-to-metal
7

transition in monolayer MoS2 by either biaxial compression or tension. The ultimate crossover
from indirect to direct band gap nature can be accounted for by a combined effect of quantum
conﬁnement, long range Coulombic effects, and a change in the hybridization between pz orbitals
in S atoms and d-orbitals in Mo atoms as shown in Fig. 5(b).

Fig. 5. (a) Illustration of band structure for bulk and monolayer MoS2. (b) Crossover from indirect
to direct K→ K transition from bulk to monolayer.
1.1.5. Mechanical Properties of MoS2
As nano-devices are sensitive to external perturbations because of their high surface to
volume ratio, a good mechanical stability of MoS2 is fundamental for the application in nanodevices. Several of the basic mechanical properties, including the Young’s modulus, yield stress,
bending modulus and buckling phenomenon will be discussed. Young’s modulus is a measure of
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the stiffness of a solid material. It defines the relationship between stress (force per unit area) and
strain (proportional deformation) in a material.
1.1.5.1.

Young’s Modulus

Young’s modulus is a measure of the stiffness of a solid material. It defines the relationship
between stress (force per unit area) and strain (proportional deformation) in a material

[32]

. The

nanoindentation set up has been used to study the Young’s modulus of nano materials. For
monolayer MoS2, an average value for Young’s modulus of 180±60 Nm−1 in the nanoindentation
experiment was reported by Bertolazzi et al.
[10]

. In 2014, Liu et al.

[11]

[9]

and of 120±30 Nm−1, measured by Cooper et al.

performed similar nanoindentation experiments on chemical vapor

deposited MoS2, obtaining the Young’s modulus of about 170 Nm−1.
1.1.5.2.

Yield Stress

Yield Stress is the stress level at which a metal or other material ceases to behave elastically.
Prior to the yield point the material will deform elastically and will return to its original shape
when the applied stress is removed

[32]

. Once the yield point is passed, some fraction of the

deformation will be permanent and non-reversible. By using nanoindentation experiments, the
yield stress was 16.5 Nm−1 measured by Cooper et al. [10] which is consistent with the experimental
results 15±3 Nm−1 of Bertolazzi et al.

[9]

. Liu et al.

[11]

also obtained the modulus of monolayer

MoS2, which is 17.1 ± 11 N/m by ﬁrst-principles density functional theory calculations.
1.1.5.3.

Bending Modulus

In mechanics, bending modulus is an intensive property that is computed as the ratio of
stress to strain in flexural deformation, or the tendency for a material to bend

[32]

. Deriving the

bending modulus of monolayer MoS2 using the Stillinger-Weber (SW) potential is an analytic
approach to obtain bending modulus, which can be written as:
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D=∑q

∂2 W ∂rq 2
( )
∂r2q ∂κ

∂2 W ∂θq 2

+ ∑q ∂θ2 ( ∂ )
q

(1.1)

κ

Where rq and θq are the geometrical parameters in the empirical potential expressions. The
bending modulus is 9.61 eV, which is larger than that of graphene by a factor of seven

[31]

. The

large bending modulus of MoS2 is due to its trilayer atomic structure, so that the ﬁrst derivatives,
∂r

∂r

( ∂ q ) and ( ∂ q ) , are nonzero. Thus, more cross-plane interaction terms inhibiting the bending
κ

κ

motion.
1.2. Application
Due to the limitations of natural structures, one simple material is highly challenging to
satisfy all basic properties and functional performance in practical applications. For instance,
graphene owns striking electrical properties, high carrier mobility exceeding 106 cm2 V–1 s–1 at
2K and exceeding 105 cm2 V–1 s–1 at room temperature for devices encapsulated in BN dielectric
layers; while it has limitations in use as switch control due to its gapless band structure. MoS2
could realize band engineering with the modulation of some layers, but its electron mobility is
incomparable to that of graphene, making it impossible to act as transparent electrodes. Therefore,
fabrication of hybrid structures based on 2-D materials by taking advantages of each component
is one of latest research trends.
1.2.1. Battery
Lithium-ion battery (LIB) is one of the most attractive rechargeable batteries that is widely
used for powering electronic devices in our daily life. Due to its high surface-to-volume ratio and
short diffusion path, 2-D MoS2 nanosheet was reported to be a brilliant electrode material for
Lithium-ion batteries. However, to mitigate the limitation of MoS2 such as low conductivity and
low theoretical specific capacity, constructing hybrid 2D-MoS2 with other materials such as
graphene, 3D-TiO2 nanotubes, and carbon fibers, is one of the most attractive strategies to optimize
10

its performance in lithium-ion batteries. For example, Chen et al. [11] reported that few-layer MoS2
coated graphene sheets with sodium molybdate, as-prepared using graphene oxide (GO) and lcysteine, were used as an anode for Li-ion batteries. Investigated by X-ray diffraction, field
emission scanning electron microscopy, energy dispersive X-ray spectroscopy, and highresolution transmission electron microscopy, their work demonstrated that the obtained MoS2/G
composites show three-dimensional architecture and excellent electrochemical performances.
[33]

The MoS2/G composite gave a high specific capacity of 1100 mA hg-1 at a current

density of 0.1 A g-1 with a Mo:C molar ratio of 1:2, as well as excellent cycling stability even after
100 cycles and high-rate capability. The superior electrochemical performances of MoS2/G
composites as Li-ion battery anodes are attributed to their robust composite structure and the
synergistic effects between layered MoS2 and graphene.
1.2.2. Field Effect Transistor
The most fundamental component of modern electronic devices is the ﬁeld effect transistor
(FET). The direct band gap single-layerMoS2, have been demonstrated to be very attractive for
fabrication of electronic devices, such as transistors and phototransistors.
In 2011, Radisavljevic et al.

[12]

provided an important work towards the realization of

electronics and low-standby-power integrated circuits based on 2D-MoS2.This report is treated as
the ﬁrst successful demonstration of a switchable transistor using single layer MoS2. They
employed a FET with a single, two-dimensional layer of the semiconductor MoS2 as a conductive
channel and high-k dielectric material, HfO2 as a gate insulator (shown in Fig. 6). The conductive
channel is only 6.5 Å thick. Their transistor shows the properties of mobility around 200 cm2V-1s1

and of a room-temperature current on/off ratio over 1×108.
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Fig. 6. Schematic view of MoS2 monolayer transistors. The device consists of two ﬁeld-effect
transistors connected in series and deﬁned by three gold leads that serve as source and drain
electrodes for the two transistors. Monolayer MoS2 is covered by 30 nm of ALD-deposited HfO2
that acts both as a gate dielectric and a mobility booster.
1.2.3. Electrocatalysis
Renewable energies are like rising stars these days just because we realize that this may be
the only way out of the energy and environment crisis. Hydrogen with largest energy density over
any other fuel in the world came up to the stage. Hydrogen as an energy carrier can be primarily
derived from water. The whole process of HER (2H+ + 2e– → H2) is composed of two steps:
absorption and desorption. At first, the protons from the solution are attached to the catalytic sites
of the electrode. Then the electrons from the electrode combine with the protons to form hydrogen
atoms. Two hydrogen atoms combine together to become a hydrogen molecule. Desorption then
takes place and molecular hydrogen leaves from the site of the electrode. One of the two steps may
be the rate determining step. As we know, platinum is the unbeatable catalyst for HER which has
the exchange current density of 4.5 × 10-4 A/cm2, and the rate determining step is the desorption
step because the Gibbs free energy is uphill. However, platinum is very scarce in the earth and
extremely expensive ($50/g). To substitute Pt, great efforts have been devoted to the exploration
of earth-abundant materials with high catalytic activity. In 2007
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[13]

, it was experimentally

conﬁrmed that the MoS2 edges are active catalysts for the HER by depositing single monolayer
MoS2 nanoparticles on Au (111) substrate synthesized by physical vapor deposition of Mo in an
H2S environment. After quantifying the nanoparticle area and edge length using scanning
tunneling microscopy (STM), they measured the HER activity and conﬁrmed that the
electrocatalytic activity correlates linearly with the number of edge sites on the MoS 2 catalyst
rather than area. In 2013, another group, Xie et al. [14] reported that oxygen doping in MoS2 sheets
can enhance the conductivity of MoS2. Moreover, the introduction of oxygen in the MoS2 crystals
can induce structural disorder that can offer abundant unsaturated sulfur atoms as active sites

[15]

.

Therefore, such oxygen incorporated MoS2 hybrid nanosheets exhibited higher activity for HER
compared to pure MoS2 sheets. In a similar fashion, the functionalization of MoS2 sheets on rGO
surface to form MoS2–rGO composites has also been proved to be a good way to achieve highly
active catalysts for HER.
In addition to the HER, MoS2 functionalized with noble metals were also widely used for
other electrocatalytic reactions. Pd–MoS2 composite resulting from the growth of Pd NPs on MoS2
sheets has been reported to be a good electrocatalyst for methanol oxidation [16]. Notably, the good
conductivity of 1T-phase and the large surface area of MoS2 sheets contributing to the excellent
catalytic performance lead to a higher catalytic activity as compared to the commercial Pd/C
catalyst

[17]

. Moreover, the strong coupling effect between MoS2 sheets and homogeneously

decorated Pd NPs may also contribute to the enhanced catalytic activity.
1.2.4. Photodetector
As the band gap of MoS2 nanosheets is tunable by the size and thickness, it enables efﬁcient
light detection over a wide range of wavelengths from ultraviolet (UV) to the near infrared (NIR).
The irradiation of photons of energy greater than the band gap of a semiconductor gives rise to a
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photocurrent upon the separation of photogenerated electron–hole pairs (excitons) through an
applied or built-in ﬁeld. Semiconductor-based photodetectors usually consists of phototransistors
and photodiodes. Lee et al.

[18]

for the first time fabricated a transparent top-gate phototransistor

(ITO) shown as Fig. 7 with single-, double-, and triple-layer MoS2 nanosheets and an Au
source/drain gate electrode on a top of 50 nm Al2O3 dielectric, which was respectively analyzed
by photoelectric probing. Thus, devices with triple-layer showed high photodetection capabilities
for red light, while the others with single- and double-layers were more useful for green light
detection. Such differences were due to the thickness-modulated optical gap of nanosheets. From
measurement of working transistors with the nanosheets, band gap of single-, double- and triplelayer MoS2 showed 1.82, 1.65 and 1.35 eV, respectively.

Fig. 7. Schematic 3D view of single-layer transistor with hexagonal structure MoS2 nanosheet, 50
nm-thick Al2O3 dielectric, and ITO top-gate under monochromatic light.
In the contribution of MoS2 based FET, another group Yin et al.

[19]

fabricated the

phototransistor based on the mechanically-exfoliated single-layer MoS2 nanosheets. Their set up
is similar to configuration of the field-effect transistor (FET) while the incident illumination light
source was used to tailor the photocurrent (Fig. 8.). The photo switching behavior was
characterized with response rate of photocurrent and photoresponsivity. For their devices,
switching duration for the current rise or decay process is only 50ms and photoresponsivity reaches
14

as high as 7.5 mA/W at the gate voltage of ∼50V, which is higher than that in the graphene based
devices, ∼1 mA/W at gate voltage of 60 V.

Fig. 8. Optical image of single-layer MoS2 FET device
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Chapter 2. Literature Review—Material Deposition Methods
2-D MoS2 was heavily researched due to its novel functionalities and its suitability for a
wide range of electronic and optoelectronic applications

[2]

. This chapter summarizes current

progress on the synthetic fabrication of 2-D MoS2 with controlled morphologies and states.
2.1. Chemical Exfoliation
So far, there are two main routes for chemically exfoliating TMDS flakes shown in Fig. 9
One is liquid exfoliation and the other is lithium intercalation-exfoliation.

Fig. 9. Chemical Exfoliation method used to obtain few-layer TMDS [29]
2.1.1. Lithium Intercalation-exfoliation
In general, the concept of lithium ion intercalation method is the use the of lithium ion
intercalation between the MoS2 layers followed by sonication to widen the gaps between the layers,
often using n-butyllithium in hexane as the lithium source. The subsequent addition of water
removes the lithium, and a sonication process allows the layers to separate and be retrievable. In a
typical procedure

[20]

, MoS2 powder was dispersed in butyllithium solution and the mixture was

stirred at room temperature for 48h. The obtained LixMoS2 was then centrifuged and washed with
hexane to remove excessive lithium and organic residues. Exfoliation was achieved by sonicating
16

the LixMoS2 slurry in DI water for 1h. The obtained aqueous suspension of MoS2 nanosheets was
centrifuged at 2,000 rpm for 20 min to discard the precipitates, and the supernatant was again
centrifuged at 10,000 rpm for 30 min. The mixture was re-dispersed in DI water and re-centrifuged
for several times to remove excess lithium in the form of LiOH until the aqueous dispersion
reached neutral. The MoS2 nanosheets were restored in the form of aqueous dispersion. This
method is easy but sensitive and limit to small scale. It could produce a low yield with incomplete
separation or exfoliated material with different structure and electronic property from the bulk
material

[21]

. In particular, the process changes the electronic structure of the exfoliated MoS2

nanosheets from semiconducting to metallic, i.e. from trigonal prismatic (2H-MoS2) to octahedral
(1T-MoS2), resulting in loss of the semiconducting properties. Annealing at 300 °C can cause a
phase change from 1T-MoS2 to 2H-MoS2 [22], restoring the Mo atom coordination, and restoring
the semiconducting bandgap of the pristine material.

Fig. 10. Electrochemical lithiation process for the fabrication of 2D nanosheets from the layered
bulk material [20].
2.1.2. Liquid Exfoliation
Pachauri et al. [26] for the first time demonstrated an optimized solution based exfoliation
method to obtain a dispersion of particularly large-area ﬂakes of thin layer MoS2. Exfoliation of
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bulk MoS2 (single crystal) is under ambient conditions using acetonitrile as an aprotic solvent
yielding thin layers of MoS2 with average sizes of tens of microns and thicknesses as low as 10
nm. Collect the dispersion in acetonitrile solution followed by ultrasonication and mild agitation.
Meanwhile, Zhou et al.

[27]

reported a mixed-solvent strategy in volatile solvents, which offers

promising advantages such as low cost, lower toxicity, and easy removal for postprocessing
methods. 30mg MoS2 was added to 25 mL flasks. 10 mL of ethanol/water with EtOH volume
fractions of 0 to 100% was added as dispersion solvent. The sealed flask was sonicated for 8 h,
and then the dispersion was centrifuged at 3000 rpm for 20 mins to remove aggregates.
2.2. Hydrothermal
2.2.1. Hydrothermal synthesis of 1H-MoS2 nanosheets
A new method has been reported by Geng et al.

[4]

to synthesize stable two-dimensional

M-MoS2 nanosheets in water. Three chemicals used are MoO3, thioactamide and urea. To obtain
octahedral MoS2, octahedral MoO3 was employed as the starting material and thioacetamide was
chosen as the sulfur source. Moreover, urea, a weak reducing agent played a key role in the
formation of M-MoS2, which can precisely and effectively reduce MoO3 to M-MoS2 as shown in
equation (2.1). The reaction is under acidic conditions and maintained at a low pH value in order
to maintain the octahedral structure of the starting material. To satisfy the expected growth
conditions, the synthesis of M-MoS2 is performed in a pressurized hydrothermal process at 200°C
for 12h by mixing MoO3, thioacetamide and urea in an autoclave. Fig. 11 has illustrated the
evolution process of M-MoS2 from MoO3. If the oven is maintained at 240°C, S-MoS2 will be
synthesized as shown in equation (2.3). A controlled experiment with same procedure maintaining
condition of 200°C for 2h has been done. It would result in a product dominated by amorphous
MoS3, as shown in equation (2.2) [4].

18

Fig. 11. Schematic illustrations of the evolution process of M-MoS2 from MoS3. (a) One MoS3
cluster with S2-and S2- (b) Combination of two MoS3 clusters with the breaking of S2-. (c) Several
MoS3 cluster forming MoS2 with S-2 in the center and MoS3 with S2- at the edge. (d) Stable MMoS2 crystal structure.
2.2.2. Hydrothermal synthesis of S-MoS2 nanowires
Li et al. [25] demonstrated that the optimum conditions for preparing MoS2 nanowires are
as follows: temperature at 260°C, reaction time longer than 12 h, and the concentration of HCl at
0.4 mol/L. The MoS2 nanowires are with diameters of 4 nm and lengths of 50 nm. As Li et al. [25]
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concluded, the pH value on phase of products is important. When the concentration of HCl solution
is below 0.2 mol/L, no powders are obtained, above 0.6 mol/l, the products consist of a little MoO2
crystallites as well as MoS2 phase. Pure MoS2 powder is obtained only when the concentration of
HCl is 0.4–0.6 mol/L.
The temperature is also a critical factor in the synthesis of MoS2 powders. The experiments
were carried out using 0.36 g MoO3 and 1.8 g Na2S as precursors at 200–300°C for 12 h in
0.4mol/L HCl solution. At 200°C, the reaction does not proceed, and no powders are formed. At
230–260°C, pure MoS2 crystallites are obtained and the morphology is the nanowire. At 300°C, a
little MoS2 powders are obtained.
The overall synthesis of S-MoS2 nanowires reaction can be expressed as:
4MoO3 + 10Na2S + 18HCl = 4MoS2 + Na2S2O3 + 18NaCl + 9H2O

(2.4)

2.3. Chemical Vapor Deposition of MoS2
Vapor-based deposition techniques, both chemical vapor deposition and physical vapor
deposition, have been explored recently for large area growth of mono or few layers MoS 2. Here,
CVD of MoS2 using MoO3 and ammonium thiomolybdate will be discussed.
2.3.1. Chemical Vapor Deposition Using MoO3 Precursor
Balendhran et al.

[23]

were among the ﬁrst few groups to demonstrate the growth of

atomically thin MoS2 using codeposition of MoO3 and sulfur on quartz substrates at 750 °C.
Codeposited ﬁlms were annealed in the excess of sulfur for 180 min at 830 °C to achieve MoS 2
layer. Later, Lee et al.

[18]

reported the CVD growth of large area monolayers of MoS2 on

amorphous SiO2 substrate. Their experimental setup consisted of a reaction chamber with two
adjacent ceramic boats loaded with MoO3 and sulfur powder. The upside down SiO2 /Si substrate
was mounted on the top of the MoO3 boat and the chamber was heated to 650 °C in a nitrogen
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atmosphere. Their results demonstrated that the growth of MoS2 is very sensitive to substrate
pretreatment.

Fig. 12. Schematic illustration of chemical vapor deposition of 2D-MoS2 using MoO3 precursor
2.3.2. Chemical Vapor Deposition Using Ammonium Thiomolybdate
Thermolysis of ammonium thiomolybdates, (NH4)2MoS4 has also been explored to
synthesize 2H-MoS2. For example, large area, high quality MoS2 layers on sapphire and SiO2/ Si
substrates was synthesized with this technique by Liu16 et al. In their study, 0.25 g of solid
(NH4)2MoS4 was dispersed in to 20mL dimethylformamide (DMF) forming the ammonium
thiomolybdate solution. First, the sapphire or SiO2/Si substrates were dipped vertically into the
ammonium thiomolybdate solution to form an ultrathin ﬁlm of (NH4)2MoS4 on surface. This
process was followed by a two-step annealing as shown in Fig. 13 where the ﬁrst annealing is in
an Ar/H2 atmosphere at 500 °C under a pressure of 1 Torr for 60 min and a second annealing is in
an Ar/Ar+S atmosphere at 1000 °C under a pressure of 500 Torr for 30 min. During the annealing
process, the of (NH4)2MoS4 ﬁlms decomposed into NH3, H2S, and MoS3 ﬁnally forming MoS2.
The presence of H2 is essential during annealing to avoid oxidation.
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Fig. 13. Schematic illustration of chemical vapor deposition of 2D-MoS2 using Thermolysis
of ammonium thiomolybdates, (NH4)2MoS4
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Chapter 3. Hypothesis
3.1. Proposed research
Geng et al. [4] for the first time deposited metallic MoS2 by means of hydrothermal rather
than lithium intercalation of 2H-MoS2. The superior activity of M-MoS2 for the hydrogen
evolution has been achieved and it has potential to replace Pt in practical applications. However,
theoretical considerations of the interlayer S/S and intra-layer Mo/S glide within MoS2 crystals
clearly showed the preference of the 2H-MoS2 allotrope over the 1T-MoS2 structure. 1T-MoS2 is
unstable especially at high temperature. Therefore, temperature should be key factor to determine
the phase of MoS2, which becomes the focus of this study.
In order to obtain a better understanding of phase transition from 1T-MoS2 to 2H-MoS2,
the phase transition from 1T to 2H MoS2 induced by heat is studied. Transition processes will be
observed by annealing M-MoS2 samples in oven (vacuum) or on hotplate with the temperature set
between 50 and 250 °C. For figuring out the structural difference between both phases, SEM and
Raman microscope will be used to investigate the internal morphology of samples obtained in
different temperatures. For surface characterization, contact angle will be measured to study the
surface hydrophilic or hydrophobic properties. As M-MoS2 is expected to have better electrical
conduction, resistivity will be measured by Hall Effect Measurement. Optical properties like UVabsorption spectrum will be done by UV spectrophotometer. Finally, all the properties of
transformed S-MoS2 will be compared with directly grown S-MoS2 which is also synthesized by
hydrothermal method. The favorable electrochemical properties of metallic MoS2 provide
opportunity for materials to be applied in energy storage devices such as batteries and capacitors.
Studying the phase transition, for example, finding out the optimum conditions for transition, may
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also help develop an efficient technique to protect the metallic phase for applications in electronic
devices.
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Chapter 4. Preparation Methods
4.1. Preparation of 1T-MoS2 and 2H-MoS2
Three chemicals used for MoS2 growth are MoO3, thioacetamide and urea. To obtain
octahedral MoS2, octahedral MoO3 was employed as the starting material and thioacetamide was
chosen as the sulfur source. Moreover, urea, a weak reducing agent played a key role in the
formation of 1T-MoS2, which can precisely and effectively reduce MoO3 to 1T-MoS2.
MoO3 powder (CAS number is 1313-27-5) was purchased from the Sigma-Aldrich
Company; Thioacetamide (CAS number is 62-55-5) was purchased from Acros Organics
Company; Urea (CAS number is 57-13-6) were purchased from the. 12 mg of MoO3, 14 mg of
thioacetamide and 120 mg of urea were dissolved in 10ml of deionized water and stirred for 2h.
Then, the solution was placed in an autoclave and loaded into an oven (from HFS), which has been
heated up to 200°C. The temperature of the oven was maintained at 200°C for 12h. Next, the
reaction was terminated by rapidly cooling the solution to room temperature by removing the
autoclave from the oven to cool running water. A black precipitate was first retrieved from the
solution, and washed with deionized water followed by centrifuge and sonication. Then the 1TMoS2 sample was collected and stored in deionized water or alcohol before different measurements.
The same procedure was used to synthesize 2H-MoS2 except the oven temperature set to 240°C.
4.2. Preparation of 1T-MoS2 thin film Samples
To investigate the properties of annealed 1T-MoS2, the first problem is how to fabricate
uniform thin film from 1T-MoS2 solution. In this study, spray deposition with a rapid evaporation
technique was used. Spray-deposited 1T-MoS2 thin films were fabricated using a commercially
available airbrush kit. Alcohol was chosen as solvent because it evaporates quickly. As shown in
the Fig.14, the 1T-MoS2 alcohol suspension is delivered to the nozzle by a high pressure
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compressed air to spray. An air blower set above the substrate which was on a hot plate of 50 °C
help accelerate air flow in order to dry the film quicker. Each spray will deposit a thin layer and a
thin film is built up layer by layer.

Fig. 14. Schematic illustration of Spray Deposition set up
Appropriate selections of substrates are vital to the property measurements. To measure
electrical properties, an insulator substrate is needed. Meanwhile, the resistivity measurements
require that four ohmic contacts be placed on the sample. So, a densely Spray-deposited 1T-MoS2
thin film on squared glass substrate with silver paint on four corners was prepared as shown in Fig.
15(a). For UV-Vis absorbance measurement, ultra-thin Spray-deposited 1T-MoS2 film on
transparent glass substrate was prepared shown as Fig. 15(b). For water contact angle measurement,
the water droplet causes the change in tension in the film which usually results in film cracks and
damage. Several types of substrates have been tested and the soft tape was found to be suitable for
this study.
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Fig. 15. Metallic MoS2 films (a) on glass for Hall Effect measurement (b) on glass for UV-Vis
absorption and (c) on tape for water contact angle measurement.
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Chapter 5. Characterization Techniques
5.1. Raman Spectroscopy
Raman spectroscopy, a molecular spectroscopy is usually used for interrogation and
identification of vibrational (phonon) states. It relies on inelastic scattering, or Raman scattering,
of monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet range.
The laser light interacts with molecular vibrations, phonons or other excitations in the system,
resulting in the energy of the laser photons being shifted up or down.

Fig. 16. Energy-level diagram showing the states involved in Raman spectra.
The technique involves shining a monochromatic light source (i.e. laser) on a sample and
detecting the scattered light. Much of the scattered light is of the same frequency as the excitation
source; this is known as Rayleigh or elastic scattering. Due to interactions between the incident
electromagnetic waves and the vibrational energy levels of the molecules, very small amount of
the scattered light is shifted in energy from the laser frequency. Plotting the intensity of this
"shifted" light versus frequency results in a Raman spectrum of the sample. Geng et al. [4] have
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demonstrated the obvious difference between Raman shift of M-MoS2 and S-MoS2 as shown in
Fig. 17. One important difference between 1T and 2H phases is that the strong 383 cm-1 Raman
peak of 2H-MoS2 is absent in octahedrally coordinated metallic MoS2. In addition, the peak at 146
cm-1 is not observed in 2H-MoS2, but appears in 1T-MoS2. Thus, Raman spectroscopy provides an
invaluable analytical tool for crystallographic phase transitions.

Fig. 17. Raman shift of M-MoS2 and S-MoS2 [4].
5.2. Hall Effect Measurement
Comparing 1T and 2H-MoS2, 1T phase is metallic and 2H phase is semiconducting.
Investigation of electrical properties of annealed samples was completed by means of Hall Effect
Measurement. The basic physical principle underlying the Hall Effect is the Lorentz force, which
is a combination the electric force and the magnetic force. When an electron moves along the
electric field direction and perpendicular to an applied magnetic field, it experiences a magnetic
force -q (v × B) acting normal to both directions. The direction of this magnetic force can be
determined by using the right-hand rule. With an open hand, the fingers are pointed along the
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direction of the carrier velocity and curled into the direction of the magnetic field. The magnetic
force direction on an electron is then determined by the opposite direction that the thumb is
pointing. The resulting Lorentz force F can be shown as:
F = −q [E + (v×B)]

(3.1)

where q is the elementary charge with value of 1.602x10-19 C, E is the electric field, v is the particle
velocity, and B is the magnetic field. The negative sign denotes the direction of force.
For an n-type, bar-shaped semiconductor such as that shown in Fig. 18, the carriers are
predominately electrons of bulk density n. We assume that a constant current Ix flows along the xaxis from left to right in the presence of a z-directed magnetic field. Electrons subject to the Lorentz
force initially drift away from the current direction toward the negative y-axis, resulting in an
excess negative surface electrical charge on this side of the sample. This charge results in the Hall
voltage (VH), a potential drop across the two sides of the sample is,
𝑉𝐻 =

𝐼𝑥 𝐵𝑧

(3.2)

𝑛𝑑𝑒

Where, Ix is the current flows along x axis, Bz is the z-directed magnetic field, n is charge carrier
density, d is the sample thickness, q is the elementary charge
The Hall coefficient is defined as
𝐸𝑦

𝑅𝐻 = 𝑗

𝑥𝐵

=

𝑉𝐻 𝑑
𝐼𝐵

1

= − 𝑛𝑒

(3.3)

Where j is the current density of the carrier electrons, Ey is the induced electric field along y axis.
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Fig. 18. Hall Effect measurement setup
In order to determine both the mobility µ and the sheet density ns, van der Pauw technique
was applied. It employs a four-point probe placed around the perimeter of the sample. A schematic
of a rectangular van der Pauw configuration is shown in Fig. 19.
The actual sheet resistance is related to these resistances by the van der Pauw formula:
𝑒

−

𝜋𝑅12,34
𝑅𝑠

+ 𝑒

−

𝜋𝑅23,41
𝑅𝑠

=1

(3.4)

Where R12,34 = V34 / I12 and R23,41 = V41 / I23.
And bulk resistivity ρ = 𝑅𝑠 𝑑 , where d is sample thickness and ρ with unit Ω cm.
To measure the Hall voltage VH, a current I is forced through the opposing pair of contacts
1 and 3 and the Hall voltage VH (= V24) is measured across the remaining pair of contacts 2 and 4.
Once the Hall voltage VH is acquired, the sheet carrier density ns can be calculated via:
𝐼𝐵

𝑛𝑠 = 𝑞|𝑉

𝐻|

(3.5)

Then the majority carrier mobility µm can be calculated in terms of previously acquired
sheet resistance Rs and sheet carrier density ns via:
|𝑉 |

1

𝜇𝑚 = 𝑅 𝐻𝐼𝐵 = 𝑞𝑅

𝑠 𝑛𝑠

𝑠
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(3.6)

Fig. 19. A schematic of a rectangular van der Pauw
5.3. Contact Angle Measurement
Wetting study is one of the basic characterization tools to provide information about
surface energy. The sample surface wetting ability was measured by water contact angle
measurements. The contact angle is deﬁned as the angle formed by the intersection of the liquidsolid interface and the liquid-vapor interface (geometrically acquired by applying a tangent line
from the contact point along the liquid-vapor interface in the droplet proﬁle). The interface where
solid, liquid, and vapor co-exist is referred to as the “three phase contact line”. Fig. 20 shows that
a small contact angle is observed when the liquid spreads on the surface, while a large contact
angle is observed when the liquid beads on the surface. More speciﬁcally, a contact angle less than
90° indicates that wetting of the surface is favorable, and the ﬂuid will spread over a large area on
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the surface; while contact angles greater than 90° generally means that wetting of the surface is
unfavorable so the ﬂuid will minimize its contact with the surface and form a compact liquid
droplet.

Fig. 20. Illustration of contact angles formed by sessile liquid drops on a smooth homogeneous
solid surface [28].
5.4. Scanning Electron Microscope
The scanning electron microscopy (SEM) is a powerful technique in the examination of
materials. Morphologies of the as prepared films were investigated by SEM. SEM uses a focused
beam of high-energy electrons to generate a variety of signals at the surface of solid specimens.
The signals that derive from electron-sample interactions reveal information about the sample
including external morphology, chemical composition, and crystalline structure and orientation of
materials making up the sample. A normal scanning electron microscope operates at a high vacuum.
Fig. 21 shows a schematic diagram of a SEM. The underlying principle is that a beam of electrons
which is generated by a suitable source (like electron gun) is accelerated through a high voltage
and pass through a system of apertures and electromagnetic lenses to produce a thin beam of
electrons. Then the surface of the specimen is scanned by scan coils. The most common SEM
mode is detection of secondary electrons emitted by atoms excited by the electron beam. By
scanning the sample and collecting the secondary electrons that are emitted using a special detector,
an image displaying the topography of the surface is created.
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Fig. 21. Schematic of a SEM
5.5. UV-Vis Spectrophotometry
Ultraviolet–visible spectrophotometry is the measurement of the attenuation of a beam of
light after it passes through a sample or after reflection from a sample surface. A diagram of the
components of a typical spectrometer is shown in Fig. 22. The basic principle is that a beam of
light from a visible and/or UV light source (colored red) is separated into its component
wavelengths by a prism or diffraction grating. The monochromatic (single wavelength) beam
passes through the specimen. The intensities of the light beams are then measured by electronic
detectors and compared. Spectrophotometer measures the intensity of light passing through a
sample (I), and compares it to the intensity of light before it passes through the sample (I0). The
ratio (I/I0) is called the transmittance. The method most often used in a quantitative way to
determine the absorbance of the solution is Beer-Lambert law:
𝐼𝑜

A = log ( 𝐼 ) = ϵcL
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(3.7)

Where, 𝜀 is the molar absorptivity with units of L∙mol-1cm-1, L is the path length of the sample —
that is, the path length of the cuvette in which the sample is contained. And c is the concentration
of the compound in solution, expressed in mol∙L-1.

Fig. 22. Schematic of a UV-Vis spectrophotometry
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Chapter 6. Results and Discussion
6.1. Morphology Analysis
The morphology of 1T and 2H-MoS2 synthesized by hydrothermal process are depicted in
Fig. 23. It clearly shows that as prepared 2H-MoS2 was composed of numerous clusters. Each
cluster consists of densely fabricated, vertically, interleaving lamellar nanosheets. The 2H-MoS2
nanosheets are around 100 nm in size and a few nanometers in thickness. Compared to 2H-MoS2
nanosheets, the morphology of 1T-MoS2 was found to be tiled layer by layer. The size and
thickness of 1T-MoS2 were hard to figure out as flakes are tucked together. Theoretically, 1T and
2H-MoS2 both have similar morphology. For 1T-MoS2 samples, they were cleaned followed by
sonication. The long time sonication separates the nanosheets from each other to be well dispersed
in solution, and they tend to lie on top of each other when drying.

Fig. 23. SEM images of 2H-MoS2 and1T-MoS2
Fig. 24 shows the optical images of 2H and 1T MoS2 thin film on tape substrates. In
comparison of both colors, 2H-MoS2 was black and 1T MoS2 was grey. The surface of 2H-MoS2
film was rough and inhomogeneous. However, 1T-MoS2 was smooth, with metallic luster and
uniform. These features are associated with their optical properties and wettability.
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Fig. 24. Optical images of 2H and 1T-MoS2 thin film on tape substrates.
6.2. Phase transition observed by Raman
The rate of phase transition is related to the treatment time t and temperature T. Four types
of annealing, i.e. different temperature T in vacuum (a) and in air (b); and different time t in air
(c) and in vacuum (d), have been completed. Phase transition processes performed from 0 to 250
o

C were monitored by Raman Spectrosopy and are shown in Fig. 25. The presence of phase

transition from 1T-MoS2 to 2H-MoS2 at high temperature is confirmed as the significant peak of
2H-MoS2 at 378cm-1 is clearly observed after annealing at 150 °C in air and 200 °C in vacumm.
This peak gradually becomes stronger as the temperature is increased. Comparing both conditions,
the rate of phase transition was higher in air than in vacuum. Fig. 25 (c) and (d) shows the detection
of phase transformed 1T-MoS2 stored in air and in plasma reactor (vacumm). It’s clearly showed
that the 1T-MoS2 was considerable stable in air. Till 16 days, the peak of 2H-MoS2 at 378 cm-1
was still absent which means no obvious phase transition. However, the peak of 2H-MoS2 was
observed after 1h plasma treatment. It was reported that 1T-MoS2 was highly stable in water but
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it is unstable in vacuum. However, our plasma treated samples show much faster phase transition
than those just stored in vacuum. At last, it’s clearly showed that descending order of rates of
phase transion in different conditions is: annealed in air, annealed in vacuum, plasma treated in
vacuum at room temperature, stored in air at room temperature.

a.

b.

c.

d.

Fig. 25. Raman spectra of (a) 1T-MoS2 annealed at different temperatures in vacuum; (b)
annealed at different temperatures in air; (c) stored in air for different times; and (d)plasma
treated in vacuum for different times.
The phase transition was caused by the extra thermal energy obtained from annealing. As
a result of random thermal motion of the atoms, the energy of any particular atom will vary with
time and occasionally it may be sufficient for the atom to reach the activated state [35]. From kinetic
theory: the rate of reaction is proportional to the probability to reach activated state, thus, rate ∝
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𝑒 −𝐸𝑎/𝐾𝐵 𝑇

[35]

. Therefore, an estimate of activation energy of phase transition was obtained using

the following equation [32],
k = A𝑒 −𝐸𝑎/𝐾𝐵 𝑇
𝐸

lnk = lnA − 𝐾 𝑎𝑇

or

𝐵

(4.1)
(4.2)

with the following definitions:
k: reaction rate constant in unit of s-1
A: Frequency factor which varies with different reaction conditions
Ea: The activation energy that the reactants must acquire before reaching the transition
state
KB: Boltzmann constant with value 8.617×10-5 eV K-1
T: The absolute temperature at which the reaction takes place in units of Kelvin
The Raman intensity change of 146 cm-1 is used for the signature of phase transition. Table
3 summarizes the peak intensity at 146 cm-1 of 1T-MoS2 annealed at different temperatures in
vacuum. The reaction rate constant k is considered to be reflected by the rate of change in Raman
intensity. Assuming that the phase transition is a first-order thermally activated process. Then
annealing at a constant temperature T the intensity of peak at 146cm-1 is given as a function of
time t as I (t)=I (0)𝑒 −𝑘(𝑇)𝑡

[36]

. By plotting the graph of ln(k) as a function of 1/T, the activation

energy can be calculated from the slope as shown in Fig. 26. The slope is negative 2667, from
which the activation energy of phase transition in vacuum is found to be 0.23eV.
Table 4. Summary of Raman intensity, rate constant, and inverse of temperature for the
sample annealed in vacuum.
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Raman intensity at
146m -1

TEMP(K)

1/T (K-1)

k (s-1)

ln(k)

293

26.38

0.003413

373

20.72

0.002681

0.000403

-7.81779

423

12.94

0.002364

0.000785

-7.1503

473

4.28

0.002114

0.001844

-6.29585

523

0.72

0.001912

0.002971

-5.81894

Fig. 26. Arrhenius plot of rate constant for 1T-MoS2 sample annealed in vacuum.
6.3. Electrical Properties
Resistivity measurements with four 1T-MoS2 thin film samples annealed at different
temperatures was done by hall effect measurement. As shown in Fig. 27, all the resistivity show a
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similar trend as the annealing temperature increases. The resistivity shows very little change as the
temperature is below 225 °C while it increases quickly at higher annealing temperatures. The
electrical property change is consistent with the phase change of MoS2 from metallic to
semiconductor phase after annealing.

Fig. 27. Resistivity of 1T-MoS2 thin film annealed at different temperatures.
The phase transition is due to thermal energy obtained by 1T-MoS2 from annealing which
leads to S atoms gliding to hexagonal structure (2H). The higher temperature induces higher speed
of the rate of reaction. On the other hand, the purity of 1T-MoS2 is critical to phase transition. The
coexistence of 2H phase with 1T phase in the starting materials usually result in an expedited
transformation. Since some of the S atoms have glided to the hexagonal structure, it is easier to
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make the rest of S atoms to glide for transformation. As suggested by Raman, the phase transition
occurs around 150 °C in air. However, this is not observed in the electrical measurements in which
the significant phase transformation looks like to take place at about 225 °C and above. We believe
this discrepancy is caused by the significant difference in electrical contribution from the two
phases. The metallic phase has resistivity about 3 to 4 orders of magnitude smaller than the
semiconductor phase. Small amount of phase transition is hard to see in resistivity measurement
because the electrical transport is still dominated by the metallic phase. However, the Raman
measurement can sensitively detect the phase change.
6.4. Wetting Properties
Wetting study is one of the basic characterization tools to provide information about
surface energy, and wettability of a surface. Wetting properties of 1T-MoS2 sample annealed in
vacuum were studied using water contact angle measurement. Table 7 summarizes the water
contact angles of samples annealed at different temperatures. The original 1T phase sample spraydeposited on 50 °C hotplate has lowest water contact angle 76.1°. As expected, the surface is
hydrophilic. The sample annealed at 200 and 250 °C have similar contact angle around 129° which
close to 125° of a directly grown 2H-MoS2 film. That indicates the surface has transitioned from
1T to 2H after annealing at 200 °C in vacuum, which agrees with the results observed by Raman
analysis.
Table 5. Summary of contact angle measurement and wettability of 1T-MoS2 thin film annealed
at different temperatures.
Annealing Temp
(°C)

Contact Angles
(°)

Wettability

50

76.1

Hydrophilic
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150

117.4

Hydrophobic

200

128.5

Hydrophobic

250

129

Hydrophobic

Directly grown 2H-MoS2

125

Hydrophobic

a.

b.

c.

d.

e.

Fig. 28. Static contact angle images with droplet of water 1µL. (a) fresh 1T-MoS2 deposited at
50 °C; (b) Annealed at 150 °C in vacuum; (c) Annealed sample at 200 °C in vacuum; (d) Annealed
at 250 °C in vacuum; and (e) Fresh directly grown 2H-MoS2
6.5. UV-Vis Absorbance
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It is expected that the structural transition will be followed by a change in optical absorption
spectroscopy because the material change from metallic to semiconducting. Ultraviolet–visible
absorption spectra of 1T-MoS2 thin films annealed at different temperatures were measured and
are shown in Fig. 29. At the beginning, the absorption spectrum of fresh 1T-MoS2 thin film
deposited at 100 °C has no salient absorption bands but a monotonic curve, which is the typical
absorption of 1T-MoS2. Two typical absorption peaks of 2H-MoS2 located at 613 and 660 nm
were observed after the sample was annealed at 275 °C and 300 °C. These absorption peaks are
associated with the energy split from the valence band spin–orbital coupling in S-MoS2 with large
lateral dimensions. In principle, the appearance of two typical absorption peaks of 2H-MoS2 at 613
and 660 nm should be earlier than 275 °C because the phase transition starts at 150 °C in air as
observed by Raman. However, another optical absorption band located at 442nm was slight shown
at 250°C and clearly observed at 275°C.
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Fig. 29. Ultraviolet–visible absorption spectra of 1T-MoS2 thin films annealed at different
temperature in air
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Chapter 7. Conclusion
In this study, the phase transition of 1T MoS2 nanosheets grown by a hydrothermal process
was investigated by annealing the samples in air or in vacuum up to 350 °C. SEM, Raman
microscope, Hall effect measurement, Water Contact Angle Measurement, and UV-Vis absorption
were used to characterize the morphology, electrical, surface, and electrical properties of the
annealed samples. The phase transition from 1T to 2H-MoS2 along with property change has been
observed around 150 °C in air but slower in vacuum. Descending order of rates of phase transion
in different conditions is: annealed in air, annealed in vacuum, plasma treatment in vacuum at
room temperature, and stored in air at room temperature. As MoS2 nanosheets change phase from
1T to 2H, the resistivity changes from ⁓ 10-1 Ω cm to ⁓102 Ω cm; the water contact angle changes
from 76.1° to 129°; optical absorption bands located at 442, 613 and 660 nm present; and Raman
peak at 378cm-1 develops. The properties of the tranformed 2H-MoS2 agree well with that of
directly grown 2H-MoS2. This study provides the initial data on the phase transition of MoS2
nanosheets, which helps better understand the fundamentals of this material for potential
applications in electronic devices such as batteries and capacitors.
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